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I. INTRODUCTION
C ELLS are the structural and functional unit of living organisms. The physiological states of cells are closely related to human health and diseases. Deviations from the normal cellular physiological states may result in the pathological changes of organisms (for example, when a healthy cell turns into a cancer cell, it gets the capability of unlimited proliferation and can induce angiogenesis, which eventually lead to the formation of malignant tumor [1] ). Hence, detecting cellular physiological properties is of fundamental significance for understanding the underlying mechanisms of diseases. Traditional studies of detecting cellular physiological properties are applying various molecular tools (e.g., western blot, immunohistochemistry, polymerase chain reaction, nuclear magnetic resonance imaging, flow cytometry and X-ray crystallography) to analyze the biochemical properties of cells, such as gene mutation, protein expression level, molecular conformation, intracellular ion concentration and composition difference [2] , [3] . The disadvantages of these methods are that they require the pretreatments (e.g., lysis, fixation, staining, and labeling) of cells, which destroy the natural structures and activities of cells [4] . Studies have shown that the pathological changes within the cells are accompanied by chemical and mechanical alterations [5] . For example, the red blood cells from sickle cell anemia patients not only have sickle hemoglobin (chemical alteration), but also are found to be stiffer and more viscous compared with healthy red blood cells (mechanical alteration) [6] . Cancerous cells not only have gene mutations (chemical alteration), but also are found to be softer than their normal counterparts (mechanical alteration) [7] . Consequently, we can identify the pathological cells by biochemical and/or biomechanical properties of cells [5] . The advantage of detecting cellular mechanical properties is that it is label-free and we can realtime monitor the dynamic changes of cell mechanics during cellular physiological activities (such as after the addition of drug molecules), which can provide novel insights into cell behaviors.
The advent of atomic force microscopy (AFM) provides an exciting instrument for measuring cellular mechanical properties. AFM uses a sharp tip mounted at the end of a cantilever to raster scan the surface of a specimen to produce the topography images of the specimen. AFM has nanometer spatial resolution and can work in liquids, allowing us to monitor the dynamic changes of living cells at the nanoscale (such as the endocytosis events of HeLa cells [8] and the exocytosis of alveolar cells [9] ). By controlling the AFM tip to vertically indent the living cell, we can measure the mechanical properties of cells [10] , [11] .
In the past few years scholars have widely used AFM to probe the mechanical properties of cells [12] - [15] and achieved great success in the field of cell biophysics and biomechanics, showing great potential of AFM single-cell mechanical assay in label-free evaluating drugs and diagnosing cancers at the cellular level [16] , [17] . However, current studies of AFM single-cell mechanical measurements are commonly performed on cell lines cultured in vitro, such as 3T3 fibroblast cell line [12] , [13] , SW-13 epithelial cancer cell line [14] , LNCaP prostate cancer cell line and MCF-7 breast cancer cell line [15] . We know cells cultured in vitro are quite different from the cells in the human body, due to the huge difference between the in vitro and in vivo environments [18] . Hence, directly probing the mechanical properties of human primary cells is closer to real situations and can help us to better understand the role of mechanics in regulating the cell behaviors. Especially in the era of personalized medicine, we need to diagnose the disease for individual patients, which requires us to perform biological assay on the primary cells prepared from the patients. Hence, developing methods that can quantify the mechanical properties of primary cells from clinical sample will be of practical significance. Some studies have developed AFM-based methods to investigate the mechanical properties of primary tumor cells prepared from body cavity fluid [19] and biopsy tissues [7] . Nevertheless, to our knowledge, AFM single-cell mechanical investigations of primary tumor cells from clinical blood specimen are still scarce.
In this work, a method which could measure the viscoelastic properties of human primary B lymphocytes was established by combining AFM with magnetic beads cell isolation. The primary B lymphocytes were isolated from the peripheral blood of healthy volunteers. The activity and specificity of the isolated B lymphocytes were confirmed by fluorescence microscopy. AFM imaging was applied to characterize the morphological feature of primary B lymphocyates and AFM indenting was applied to measure their viscoelastic properties (instantaneous modulus and relaxation time). The instantaneous modulus and relaxation time of two cell lines (human lymphoma Raji cell line, mouse fibroblast C2C12 cell line) were also measured to analyze the differences in viscoelastic properties between primary B lymphocytes and cell lines cultured in vitro.
II. MATERIALS AND METHODS

A. Density Gradient Centrifugation
The peripheral blood was taken from six healthy volunteers and then was supplemented with anticoagulants (heparin). The peripheral blood mononuclear cells (PBMCs) were isolated from the anticoagulated blood by density gradient centrifugation method, as shown in Fig. 1(a) . The detailed procedure was following. 1) Add 2 mL human PBMC isolation solution (Solarbio Science & Technology Co., Ltd, Beijing, China) into a centrifugation tube. The main components of human PBMC isolation solution are glucan and cardiografin. 2) Mix 1 mL anticoagulated blood with 1 mL phosphate buffered saline (PBS, Hyclone Laboratories, Logan, UT, USA) and then add the mixture into the centrifugation tube. 3) Centrifuge the tube for 20 min at 400 g. 4) After the centrifugation, the sample layered (the four layers from top to down were plasma, PBMCs, isolation solution, and red blood cells, as shown in Fig. 1(a) ). 5) Aspirate the PBMCs into a new centrifugation tube containing 4 mL PBS and then centrifuge for 20 min at 400 g. 6) After removing the supernatant of the tube, PBMCs were collected.
B. Magnetic Beads Cell Isolation
B lymphocytes were extracted from PBMCs by CD19 magnetic beads cell isolation, as shown in Fig. 1(b) . The magnetic beads were conjugated to monoclonal anti-human CD19 antibodies. CD19 is a specific cell surface biomarker which is exclusively expressed on B lymphocytes but not on other cells [20] . Hence, we can isolate B lymphocytes from the PBMCs by CD19 antibodies.
The procedure of isolating B lymphocytes from PBMCs by CD19 magnetic beads was following. 1) Resuspend PBMCs in 80 μL of PBS and then add 20 μL CD19 magnetic beads (Miltenyi Biotec Inc., Auburn, CA, USA). 2) Mix well and incubate for 15 min in the refrigerator (2-8 • C).
3) Wash cells by adding 1 mL of PBS and centrifuge at 300 g for 10 min. This step was used to wash the magnetic beads that did not bind to the cells. 4) Remove the supernatant and then resuspend the cells in 500 μL of PBS. 5) Place a MS column in the magnetic field of MiniMACS separator (Miltenyi Biotec Inc., Auburn, CA, USA) and then rinse the column with 500 μL running buffer (Miltenyi Biotec Inc., Auburn, CA, USA). 6) Aspirate the cell suspension onto the column and collect the unlabeled cells (non B lymphocytes) that pass through the column. 7) Wash the column by adding running buffer for three times (each time 500 μL running buffer was added). 8) Remove the column from the separator and pipette 1 mL running buffer onto the column and then immediately flush out the magnetically labeled cells (B lymphocytes) by firmly pushing the plunger into the column.
The instruments of extracting B lymphocytes from the peripheral blood are shown in Fig. 2 . The instruments were placed in a biological safety cabinet (Thermo Scientific, Rockford, IL, USA) to avoid contamination. Before the magnetic beads cell isolation, the instruments were sterilized for 30 min by the ultraviolet of the biological safety cabinet. The isolated B lymphocytes were immediately used for experiments.
C. Fluorescence Microscopy
Fluorescence microscopy experiments were performed to examine the activity and specificity of the isolated B lymphocytes. Carboxyfluorescein succinimidyl ester (CFSE) staining [21] and propidium iodide (PI) staining [22] were used to test the activity of the isolated cells. CFSE molecules can infiltrate into living cells to stain the cells. PI molecules can infiltrate into the membrane of dead cells which have damaged membranes, but cannot infiltrate into the living cells which have intact membranes. The isolated B lymphocytes were incubated with CFSE solution (Beyotime Institute of Biotechnology, Haimen, China) for 5 min at room temperature. After the incubation, cells were centrifuged to remove the free CFSE molecules. After removing the supernatant, fresh PBS was added to stir the suspension. Then cells were dropped onto a glass slide and fluorescence images were recorded using an inverted fluorescence microscope (Ti, Nikon, Tokyo, Japan). For PI staining, the isolated cells were incubated with PI solution (Ruizekang Technology Co., Beijing, China) for 5 min at room temperature. After the incubation, cells were centrifuged to remove the free PI molecules. After resuspending cells with PBS, cells were dropped onto a glass slide and fluorescence images were recorded. In order to examine whether the isolated cells were B lymphocytes, CD20 fluorescence labeling experiments were performed. Like CD19, CD20 is also a specific cell surface biomarker which is exclusively expressed on B lymphocytes but not on other cells [23] . Hence, we used CD20 fluorescence labeling [18] to test the species of the isolated cells. For CD20 labeling, the isolated cells were dropped on a glass slide (the glass slide was treated by poly-L-lysine to adsorb cells) and then were chemically fixed for 30 min by 4% paraformaldehyde. Then cells were incubated with rituximab (a human monoclonal anti-CD20 antibody, obtained from Affiliated Hospital of Military Medical Academy of Sciences, Beijing, China) for 1 h at room temperature. After washing the cells with PBS for three times, cells were incubated with RBITC-conjugated goat-anti-human IgG (Solarbio Science & Technology Co., Ltd, Beijing, China) for 30 min at room temperature. After the incubation, cells were washed with PBS for three times and fluorescence images were recorded.
D. Sphere Probe Preparation
The sphere probe was fabricated by gluing a sphere to the cantilever of an AFM probe under the assistance of AFM micromanipulation. The fabrication procedure was following. 1) Mounting a probe (the nominal spring constant of the cantilever is 0.12 N/m) onto the head of the AFM and adjust the laser signal reflected off the cantilever. 2) A drop of polystyrene sphere solution (the diameter of sphere was ∼20 μm) was pipetted onto a fresh glass slide. A drop of two-part epoxy adhesive (Araldite, USA) was placed on another position of the glass slide by using a toothpick. 3) Under the guidance of optical microscopy, controlling the cantilever to gently contact the epoxy adhesive and then retract immediately. 4) The cantilever was moved to contact a single sphere for 10 s and then retracted. The prepared sphere probes were placed in a box for 24 h at room temperature for adhesive hardening.
E. AFM Imaging
AFM experiments were performed using a Bioscope Catalyst AFM (Bruker, Santa Barbara, CA, USA) which was set on an inverted microscope (Ti, Nikon, Tokyo, Japan), as shown in Fig. 3(a) . The nominal spring constant of the probe used here was 0.03 N/m. The exact spring constant was calibrated using AFM thermal noise module. B lymphocytes were dropped onto a poly-L-lysine-coated glass slide and then fixed by 4% paraformaldehyde. AFM images of B lymphocytes isolated from six healthy volunteers were recorded in PBS. Images were obtained at contact mode. The scan rate was 0.5 Hz. The scan force was 1 nN. The scan line was 256 and the sampling point of the scan line was also 256. For each healthy volunteer, 15 B lymphocytes were imaged to statistically analyze the cell height and cell diameter.
F. AFM Indenting
The instantaneous modulus and relaxation time of B lymphocytes isolated from six healthy volunteers were measured by controlling the AFM tip to vertically indent the cell in the approach-reside-retract cycle, as shown in Fig. 3(b) . In an approach-reside-retract cycle, the AFM tip far away from the cell firstly approaches and contacts the cell until the maximal loading force is achieved. Then the tip resides for a period of time during which the vertical distance between AFM tip and substrate is maintained invariant. During the residence, the relaxation phenomenon of the cell takes place. After the residence, the tip retracts to its original position. During the approach-reside-retract cycle, two curves are recorded. Force distance curve is recorded by AFM manipulation software (Bruker, Santa Barbara, CA, USA) to obtain the cell instantaneous modulus (cellular elastic properties). Stress relaxation curve is recorded by an oscilloscope (LeCroy, New York, USA) to obtain the cell relaxation time (cellular viscoelastic properties). Living isolated B lymphocytes were dropped to poly-L-lysine-coated glass slides which were then placed in a Petri dish containing PBS. The Petri dish was then placed on the sample stage of AFM for mechanical measurements experiments. The deflection sensitivity of AFM probe was calibrated by recording force distance curves on the substrate before performing measurements on cells. Fig. 3(a) is the actual photograph of AFM and oscilloscope used here.
Under the guidance of optical microscopy, AFM tip was moved to the B lymphocyte ( Fig. 4(a) ). Then AFM tip vertically indented the central areas of cell in the approachreside-retract cycle. Force curves were recorded at room temperature. The maximal loading force exerted by AFM tip was 5 nN. The ramp size was 4 μm. The approaching velocity of AFM tip was 8 μm/s. The residence time was 2 s. For each healthy volunteer, 10 living isolated B lymphocytes were measured. For each cell, ∼10 force distance curves and ∼10 stress relaxation curves were recorded. Fig. 4 (b) is a typical force distance curve recorded on B lymphocyte, which consists of an approach curve and a retract curve. Fig. 4 (d) is a typical stress relaxation curve recorded on B lymphocyte and Fig. 4 (e) is the corresponding vertical distance curve of AFM tip. The relaxation portion was denoted by the two dashed lines. During the relaxation, the vertical position of AFM tip was maintained unchanged (Fig. 4(e) ) while the force decayed ( Fig. 4(d) ).
For control, we recorded stress relaxation curve and force distance curve directly on the substrate (glass slide). (Fig. 4(h) ) and the force was also unchanged (Fig. 4(g) ). This is because that when the tip indents the substrate, there was no relaxation phenomenon and thus the force did not decay. Fig. 4 (i) is a typical force distance curve recorded on substrate. We can see that the curves were straight after the tip contacted the substrate and there were no differences between approach curve and retract curve. This is because that the substrate was stiff. When AFM tip contacted the substrate, the indentations were tiny. The force distance curves on substrate were used to calibrate the deflection sensitivity of AFM probe before performing mechanical measurements on cells.
G. Cell Lines
Raji cell (human B-cell lymphoma cell line) and C2C12 cell (mouse myoblast cell line) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Raji cells were cultured in RPMI-1640 medium (Hyclone Laboratories, Logan, UT, USA) containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37 • C (5%CO 2 ). C2C12 cells were cultured in high glucose DMEM medium (Hyclone Laboratories, Logan, UT, USA) containing 10% fetal bovine serum, 1% penicillin-streptomycin solution, sodium pyruvate and glutamine at 37 • C (5%CO 2 ). Raji cells were dropped onto poly-L-lysine-coated glass slides and then the instantaneous modulus and relaxation time were measured in PBS. AFM images of Raji cells were recorded on chemically fixed Raji cells. C2C12 cells can naturally adhere and spread on the substrate and thus mechanical measurements were directly performed on them without immobilization. Stress relaxation curves were recorded on living C2C12 cells by both conical tip and sphere tip to analyze the differences in single-cell mechanical assay between using conical tip and using sphere tip. First, the conical tip was used to obtain stress relaxation curves on about 10 cells in the cell Petri dish. Then the sphere tip was used to obtain stress relaxation curves on 10 cells in the same Petri dish. For each cell, ∼10 stress relaxation curves were recorded. The loading force was 5 nN for conical tip (the spring constant of conical cantilever is 0.03 N/m) and 20 nN for sphere tip (the spring constant of sphere cantilever is 0.12 N/m). AFM images of C2C12 cells were recorded on living C2C12 cells.
H. Data Analysis
Cell diameter and cell height were calculated from the profile curves of the AFM height images by using the off-line AFM software Nanoscope Analysis (Bruker, Santa Barbara, CA, USA). For the primary B lymphocytes of each healthy volunteer, about 30 cell diameter/height values from 15 different cells were obtained. Then the mean and the standard error of the mean (SEM) were calculated by using MATLAB (Mathworks, Natick, MA, USA).
Sneddon-modified Hertz model was applied on the force distance curve to extract the cellular instantaneous modulus [24] :
where υ is the Poisson ratio of cell (υ = 0.5 for living cell), F is the loading force, δ is the indentation depth, E is the instantaneous modulus of cell, and θ is the halfopening angle of the conical tip. The indentation depth δ was computed by subtracting the cantilever deflection from the vertical movement of the probe according to the contact point visually determined in the force curve [10] . The approach curve was used to extract cellular instantaneous modulus [25] , while the retract curve was used for calculating the adhesion forces between tip and cell. The software for extracting the instantaneous modulus from the force curves was programmed by ourselves using MATLAB. Hertz model is based on a number of assumptions of the specimen being indented, including homogeneity, isotropicity, linear elastic material properties, infinite sample thickness, and a smooth sample surface [26] . Nevertheless, studies have shown that Hertz model is appropriate for measuring the elastic properties of cells as long as the indentation into the specimen is no more than 10% of the specimen thickness [27] . Hertz model does not consider the adhesion forces between contact surfaces, while Johnson-KendallRoberts (JKR) model and Derjaguin-Muller-Toporov (DMT) model take into account of the adhesion forces between the contact surfaces [25] . But for practical reasons, the most wildly used model is Hertz model [10] . From Fig. 4(d) , (e), we can clearly see that there was no relaxation at the approach stage. Relaxation occurred after the tip began to reside. Hence, the measured modulus at the approach stage is instantaneous modulus which is independent of the viscous elements of models, and thus Hertz model is appropriate. Fig. 4(c) is the contrast of experimental indentation curve and Hertz fitting curve, showing that Hertz model fitted the experimental indentation curve well and the cellular instantaneous modulus was 2.5 kPa.
Two Maxwell elements viscoelastic model was applied on the stress relaxation curves to extract the cellular relaxation time [28] :
where F is the loading force, A 0 is the instantaneous (purely elastic) response, A 1 and A 2 are the force amplitudes, τ 1 and τ 2 are the relaxation times. The stress relaxation curves recorded in oscilloscope were exported as text files. Then the stress relaxation curves were imported into MATLAB. Using MATLAB, the stress relaxation curves were normalized. By fitting the normalized stress relaxation curves with formula (2), we got the relaxation times τ 1 and τ 2 . The fitting was performed with the use of finite element software Abaqus 6.13 (Dassault Systems Simulia Corp., RI, USA). Fig. 4(f) is the contrast of experimental stress relaxation curve and Maxwell fitting. We can see that the two Maxwell element theoretical curve was well consistent with the experimental relaxation curve. The Maxwell fitting showed that the cellular relaxation times extracted from the stress relaxation curve (Fig. 4(d) ) were τ 1 = 0.05805 s and τ 2 = 0.49087 s. 
III. RESULTS AND DISCUSSION
A. Isolation of B Lymphocytes From Human Peripheral Blood
Fig . 5 shows the optical images of PBMCs and B lymphocytes isolated from the peripheral blood of healthy volunteers. We know in the peripheral blood the majority of cells are erythrocytes. Thus, in order to eliminate the influence of erythrocytes, we firstly isolated PMBCs from the anticoagulated blood by density gradient centrifugation. Fig. 5(a) is a typical optical image of PBMCs, showing many cells which were round and bright. PBMCs from human peripheral blood contain various types of cells, including T lymphocytes (approximately accounting for 60% of the total PBMCs), monocytes/macrophages (15%), NK cells (15%), and B lymphocytes (10%) [29] . Magnetic beads has been widely used in life sciences for isolating target cells [30] . Here, we used magnetic beads which were labeled with anti-CD19 antibodies to isolate the B lymphocytes from the PBMCs. CD19 antigen is a specific cell surface marker which is only expressed on B lymphocytes [20] . After being incubated with anti-CD19 antibody-conjugated magnetic beads, PBMCs were aspirated to a separation column and subsequently passed through a magnetic field by gravity. Non-B lymphocytes (did not adsorb CD19 magnetic beads) could flow out of the magnetic field, while B lymphocytes (adsorbed CD19 magnetic beads) retained in the magnetic field. After removing the separation column from the magnetic field, the retained B lymphocytes were collected by firmly pushing the plunger into the column. After dropping the isolated B lymphocytes onto glass slides, optical images of the isolated B lymphocytes were recorded, as shown in Fig. 5(b)-(d) . The B lymphocytes were clearly denoted by the red arrows in Fig. 5(b)-(d) .
In order to examine whether the isolated cells were B lymphocytes, we performed fluorescence verification experiments, as shown in Fig. 6 . Firstly the activity of the isolated cells was examined. Fig. 6(a), (b) are typical optical image and corresponding fluorescence image of the isolated cells by CFSE staining. CFSE is a commonly used fluorescent dye for living cell and cells still have biological activity after CFSE staining [21] . From Fig. 6(b) , we can observe that the cell exhibited bright fluorescence, showing that CFSE can stain the isolated cells. Then we detected the viability of the isolated cells using PI staining. PI is a commonly used fluorescent dye for discerning dead cells. For dead cells with damaged cell membrane, PI molecules can penetrate the cell membrane and stain the cell. Fig. 6 (c), (d) are the typical optical image and corresponding fluorescence image of the isolated cells by PI staining. We can see that the cell did not exhibit fluorescence, meaning that cell membrane was intact and the cell was alive. The results of Fig. 6(a)-(d) demonstrated that the isolated cells were viable. Then we performed CD20 specific fluorescence labeling to examine whether the isolated cells were B lymphocytes. Besides CD19, CD20 antigen is also a specific cell surface marker which is only expressed on B lymphocytes [23] . Fig. 6 (e), (f) are typical optical image and corresponding fluorescence image of the isolated cells by CD20 labeling. For CD20 fluorescence labeling, cells were chemically fixed. While for CFSE and PI staining, cells were not chemically fixed. Thus, we can observe that the fixed cells in Fig. 6 (e) were darker than the cells in Fig. 6(a), (c) . From Fig. 6(f) , we can see that the cell exhibited bright red fluorescence, meaning that there were CD20s on the cell surface and thus the isolated cells were B lymphocytes. Collectively, the results of fluorescence experiments (Fig. 6 ) demonstrated that the isolated cells were viable and were B lymphocytes. Fig. 7 shows the representative AFM images of the isolated B lymphocytes from the peripheral blood of healthy volunteers. Fig. 7(a), (d) are the AFM height images and Fig. 7(b) , (e) are the corresponding three-dimensional images, showing the intact surface of B lymphocytes, consistent with the CFSE and PI fluorescence staining results in Fig. 6 . Fig. 7 only shows the representative AFM images of two B lymphocytes. Fifteen B lymphocytes were imaged for each healthy volunteer and other data was not shown. Fig. 7(c) , (f) are the profile curves taken in the three-dimensional image along the red lines. From profile curves, we can extract geometric information (cell height and cell diameter) of B lymphocytes. Fig. 7(c) shows that the height was about 3.2 μm and the diameter of the cell was about 6.5 μm . Fig. 7(f) shows that the height was about 3.7 μm and the diameter of the cell was about 8 μm.
B. AFM Morphological Characterization of B Lymphocytes
After extracting the height and diameter information from 15 B lymphocytes for each healthy volunteer, the statistical values (Mean ± SEM) of height and diameter of B lymphocytes from six healthy volunteers were obtained, as shown in Table I . We can see that the height and diameter of B lymphocytes from the six healthy volunteers were similar to each other. The height of B lymphocytes was 3-4 μm, while the diameter of B lymphocytes was 6-7 μm. Traditional studies have shown that the lymphocyte diameters in normal adults are 5-11 μm [31] , consistent with our results measured by AFM here. Fig. 8 shows the results of measuring the cellular viscoelastic properties using both conical tip and sphere tip. C2C12 cells were used for measurements. Fig. 8(a) is the optical image of indenting cells using sphere tip. Fig. 8(b) is the optical image of the sphere tip by an upright microscope and the inset is the scanning electron microscopy image, clearly showing a sphere on the end of cantilever. From the upright optical image we can recognize the tip position of the sphere tip, as denoted by the dashed circle in Fig. 8(a) . Fig. 8(c) is a representative stress relaxation curve obtained by conical tip and Maxwell fitting, showing that the relaxation time were τ 1 = 0.04101 s and τ 2 = 0.53106 s. Fig. 8(d) is a representative stress relaxation curve obtained by sphere tip and Maxwell fitting, showing that the relaxation time were τ 1 = 0.04481 s and τ 2 = 0.55830 s. Fig. 8(e) , (f) are the histogram of τ 1 (Fig. 8(e) ) and τ 2 ( Fig. 8(f) ) of C2C12 cells measured by conical tip and sphere tip. There are no significant differences in the measured relaxation time between conical tip (τ 1 = 0.0452 ± 0.0016 s, τ 2 = 0.5771 ± 0.0249 s) and sphere tip (τ 1 = 0.0435 ± 0.0009 s, τ 2 = 0.5578 ± 0.0125 s). Because the conical tip is relative sharp, sphere tip [32] has been used to measure the mechanical properties of whole cell. Okajima et al. [33] have used both conical tip and sphere tip to measure the viscoelastic properties of cells, also showing that the relaxation time of cells (3T3 fibroblast) measured by conical tip (0.176 ± 0.10 s) approximated that measured by sphere tip (0.182 ± 0.07 s). We can see that the results of measuring cellular viscoelastic properties by conical tip are basically consistent with that by sphere tip. Hence, only conical tip was used to measure the viscoelastic properties of human primary B lymphocytes in the following experiments. 9 shows the representative force distance curves and stress relaxation curves recorded on living B lymphocytes isolated from the peripheral blood of six healthy volunteers. Each force distance curve and force relaxation curve were processed according to the procedure described in Fig. 4 . From Fig. 9 , we can see that theoretical models (Hertz model and Maxwell model) fitted the experimental curves (Hertz model for indentation curve and Maxwell model for relaxation curve) well. We know several factors have been shown to influence the results of AFM mechanical measurements, such as the loading rate, the indentation depth, substrate, tip shape (conical tip or sphere tip), temperature, the cell areas being indented (nucleus areas or peripheral areas), and growth medium [11] , [14] , [34] . Here, in order to make the results of six healthy volunteers comparable, the experimental conditions for recording force curves were identical, including the loading force (5 nN), ramp size (4 μm), the approach rate (8 μm/s), the substrate (glass slide), temperature (room temperature), the residence time (2 s), cell areas being indented (central areas), and working medium (PBS). After processing all the force distance curves and stress relaxation curves, the statistical histograms of the cellular instantaneous modulus and cellular relaxation time of B lymphocytes isolated from the peripheral blood of six healthy volunteers were constructed, as shown in Fig. 10 . The detailed values of each column in Fig. 10 are shown in Table II . From Fig. 10 and Table II, we can see that on the whole the instantaneous modulus of B lymphocytes from the peripheral blood of healthy volunteers was in the range of 2-3 kPa and the relaxation times of B lymphocytes were in the range of 0.03-0.06 s (τ 1 ) and 0.35-0.55 s (τ 2 ). We can also observe that the instantaneous modulus and relaxation times of B lymphocytes were variable for different healthy volunteers. This may due to the individual differences in healthy volunteers. Heterogeneity widely exists in the biological systems, from single cells to tissues and individual patients [35] , [36] .
C. Measuring the Viscoelastic Properties of B Lymphocytes
By fitting the stress relaxation curves with Maxwell model, cellular relaxation time was obtained. Cellular relaxation time reflects the feature of cytoplasmic flow which plays a crucial role in cell life such as cell division, cell motion, and wound healing [37] , [38] . The cytoplasm comprises different compositions, including cytosol (gel-like substance), organelle, cytoskeleton, and inclusion [39] . We can see that cytoplasm is highly heterogeneous and anisotropic. While Maxwell model is based on the assumptions of homogeneous and isotropic features of the material being indented [40] . Hence, the stress relaxation curve recorded on cells often cannot be well fitted by single Maxwell element model. In practice, the connections of several Maxwell elements are often required to characterize the complex viscoelastic behaviors, such as polymers [41] and cells [42] . For living cells, two Maxwell elements model [28] , [42] is appropriate. From Figs. 8 and 9 , we can see that the stress relaxation curves were well fitted by two Maxwell elements model. The two relaxation times (τ 1 and τ 2 ) obtained by Maxwell fitting are then used to characterize the complex cellular viscoelastic behaviors.
D. Measuring the Viscoelastic Properties of Cell Lines
In order to analyze the differences of cellular viscoelastic properties between human primary B lymphocytes and lymphoma cells cultured in vitro, we performed mechanical measurements on Raji cell line, as shown in Fig. 11 . Raji, a human B-cell lymphoma cell line, is the cancerous B lymphocyte [43] . Under the guidance of optical microscopy ( Fig. 11(a) ), AFM tip was moved to Raji cells. Fig. 11(b) is a representative AFM height image of a Raji cell. Fig. 11(c) is the profile curve of the Raji cell taken in the AFM three-dimensional image along the red line (the inset in Fig. 11(c)) , showing that the cell height was about 5.8 μm and the cell diameter was about 13 μm. In order to compare the geometric feature of Raji cells with primary B lymphocytes from healthy volunteers, Table I . The height of Raji cells was 5.55 ± 0.12 μm and the diameter of Raji cell was 11.08 ± 0.16 μm. From Table I , we can observe that the size of Raji cell was significantly larger than the size of primary B lymphocytes isolated from healthy volunteers. Table II. From  Table II , we can see that the instantaneous modulus of Raji cells (1.79 ± 0.15 kPa) was remarkably smaller than the instantaneous modulus of normal B lymphocytes (2-3 kPa) from healthy volunteers. There were no significant differences Raji cells are malignant B lymphocytes. The increase of relaxation time means that it is more difficult for the cell to relax to the original state, meaning the impairing of cellular viscoelastic properties. When a normal cell becomes cancerous, great alterations in cell structures and functions take place. Compared with normal cells, cancer cells have irregular nuclear contour and increased nuclear volume [44] . Normal cells have brushes (microvilli) of one length, whereas cancer cells have two brush lengths of significantly different densities [45] . From Table I , we can see that Raji cells were obviously larger than B lymphocytes from normal adults, showing the great differences in geometric features between normal B lymphocytes and malignant B lymphocytes. Besides the morphological alterations, cancer cells get several unique capabilities, such as resisting cell death, sustaining proliferative signaling, evading growth suppressors, activating invasion and metastasis, inducing angiogenesis, and enabling replicative immortality [1] . These huge differences in structures and functions between cancer cells and normal cells can result in the different mechanical behaviors between them. Studies have shown that the cancerous cells are softer than their normal counterparts regardless of the type of cancer [46] - [48] , such as breast cancer, bladder cancer, cervix cancer, pancreas cancer, et al. Here, we can see that malignant B lymphocytes (Raji) were also softer than normal B lymphocytes. Besides, the measurements showed that the cellular relaxation times of Raji cells (malignant B lymphocytes) were larger than normal B lymphocytes. Current studies of measuring the mechanical properties of cancer cells by AFM are commonly focused on the cellular elastic properties (instantaneous modulus) [49] . However, besides being elastic, cells are also viscous due to the cytosol. Hence, measuring the viscoelastic properties of cells can help us to better under the cell behaviors. The results here showed that there are significant differences in viscoelastic properties between lymphoma cells and their normal counterparts, providing novel insights into understanding the development of lymphoma from the aspect of cell mechanics. B lymphocytes are suspended cells which cannot adhere to the substrate. In order to analyze the differences of cellular viscoelastic properties between B lymphocytes and adherent cells, we performed mechanical measurements on C2C12 cell line, as shown in Fig. 12 . C2C12, a normal mouse fibroblast cell line [50] , is a type of adherent cells which can naturally adhere and spread on the substrate. From the optical image ( Fig. 12(a) ), we can clearly see that C2C12 cells spread on the substrate. Fig. 12(b) is a representative AFM height image of living C2C12 cells, showing the fibrous structures of C2C12 cells. Fig. 12(c) is the profile curve taken in the AFM three-dimensional image along the red line (the inset in Fig. 12(c)) , showing that the cell height of the C2C12 cell was about 2 μm. About 30 cell diameter/height values from 10 different C2C12 cells were obtained. The mean and SEM value of height of C2C12 cells are shown in Table I . Because the shape of C2C12 cell was irregular, the diameter of C2C12 cell was not applicable. We can see that the height of C2C12 cells was slightly less than that of normal B lymphocytes. Table II. From Table II , we can see that the instantaneous modulus of C2C12 cells was larger than the instantaneous modulus of Raji cells, but approximated to the instantaneous modulus of normal B lymphocytes. There were no significant differences in relaxation time τ 1 among C2C12 cells, Raji cells, and normal B lymphocytes. But the relaxation time τ 2 of C2C12 cells was larger than the relaxation time τ 2 of normal B lymphocytes and less than the relaxation time τ 2 of Raji cells.
E. Discussion
Leukemia and lymphomas are cancers of the hematologic system. In the past decades, a growing monoclonal antibodies have been developed to treat leukemia and lymphomas, which achieve unprecedented success in clinical practice [51] , [52] . However, there are still many patients who develop resistance to the antibody-containing immunotherapy (or relapse after the treatment) and so far the in vivo underlying mechanisms of drug resistance are still unknown [53] . The current challenge is enhancing the efficacies of monoclonal antibodies to provide effective therapies for those patients who develop resistance [51] . For this purpose, we need to fully understand the mechanisms of drug resistance. Current studies of leukemia and lymphomas are commonly based on measuring the biochemical properties of tumor cells, such as analyzing the gene mutations [54] and detecting the expression levels of specific proteins [55] . Investigating the mechanical properties of primary tumor cells, which can improve our understanding of leukemia and lymphomas, is still relatively scarce. Here, by combining AFM with magnetic beads cell isolation, the morphology and viscoelastic properties of human primary B lymphocytes were investigated.
The procedure of detecting the viscoelastic properties of primary B lymphocytes from the clinical blood sample based on AFM single-cell assay was established. B lymphocytes were firstly purified from the peripheral blood of healthy volunteers by density gradient centrifugation and CD19 magnetic beads cell isolation. The fluorescence experiments (CFSE staining, PI staining, and CD20 labeling) demonstrated the viability and specificity of the purified cells. Then the cellular morphology was visualized from the obtained AFM images from which the geometric parameters (cell height and cell diameter) were extracted. Force distance curves and stress relaxation curves were simultaneously recorded on living cells. By fitting force distance curves with Hertz model and stress relaxation curves with Maxwell model, the instantaneous modulus and relaxation time of cell were extracted. The experimental results demonstrated the feasibility of the presented procedure and the capability of AFM in probing human primary living tumor cells.
AFM imaging and indenting showed the significant differences in cellular morphology and cellular viscoelastic properties between human primary normal B lymphocytes and lymphoma Raji cell line. The size of Raji cells was significantly larger than that of human primary normal B lymphocytes. Besides, Raji cells had smaller instantaneous modulus and larger relaxation time compared with human primary normal B lymphocytes. The cellular morphological and viscoelastic information obtained by AFM improve our understanding of the canceration of lymphoma and may be used to discriminate normal cells and their cancerous counterparts. AFM imaging and indenting were also performed on C2C12 cell line (a normal adherent cell line from mouse), showing the differences in cellular viscoelastic properties between primary B lymphocytes and adherent cells. This may due to the differences of species (C2C12 cell is from mouse while normal B lymphocyte is from human) and growing mode (C2C12 is adherent while normal B lymphocyte is suspended).
Only about 10 force distance curves were obtained on the central area of each cell. This is because that researchers have shown that the prolong poking of single cells (200 s) can result in the remodeling of the cell cytoskeleton [56] . Hence the probing time should be limited during the measurements to avoid this effect. Besides, experiments were performed at room temperature. Researchers have shown that the change of temperature can result in the alterations of cellular mechanical properties [14] , [57] . In our experiments, in order to analyze the differences of cell mechanics between cells, all experiments were carried out at room temperature [7] to avoid the influence of temperature. In fact, the fluorescence experiments (Fig. 6) showed that cells were viable at room temperature. However, if we want to observe the dynamic changes of cellular mechanics [58] , experiments should be carried out at 37 • C which is the optimal temperature for cellular activities.
Experiments were performed on Raji cell line to investigate the differences in cellular visocelastic properties between human primary normal B lymphocytes and lymphoma cell. It should be noted that the Raji cell line was quite different from the in vivo lymphoma cells in the patient body. If we want to investigate the role of cellular viscoelastic properties in the development of lymphoma, we need to perform tests on normal B lymphocytes and malignant B lymphocytes from the same patients. For this purpose, we need to isolate tumor cells from the blood or bone marrow of the lymphoma patients. Recent studies have shown that the receptor tyrosine kinaselike orphan receptor 1 (ROR1) [59] is a specific cell surface marker of leukemia and lymphomas. ROR1 does not express on virtually all normal cells. Thus, we can isolate tumor cells from lymphoma patients by ROR1-labeled magnetic beads and then measure the viscoelastic properties of primary tumor cells.
The achievements in the past decade in AFM single-cell mechanical assay have shown that mechanical properties are the signature of cells [7] and cancer cells can be recognized by their unique mechanical phenotype [11] , [48] . However, only few studies have been carried out using the clinical material [11] , including breast tissues [7] , uterine corpus [60] , and cavity fluid samples [19] . Especially for measuring the viscoelastic properties, studies have been commonly carried out on cell lines [28] , [37] , [61] but not on primary cells from clinical material. In this work, primary B lymphocytes were isolated from human blood sample and then their viscoelastic properties were quantified by AFM. The research extends the capability of AFM in probing the viscoelastic properties of primary tumor cells from human blood and also demonstrates the effectiveness of cellular viscoelastic properties in indicating cell states.
IV. POTENTIAL APPLICATIONS AND FUTURE DIRECTIONS
Precision medicine has become the trend of disease treatment. Precision medicine is an emerging approach for disease prevention and treatment that take into account people's individual variations in genes, environment, and lifestyle [62] . For precision medicine, it is undoubtedly that we need to exactly diagnose the detailed situations of diseases for individual patients. AFM, an instrument that can in situ probe the morphological and mechanical properties of single living cells at the nanoscale, can provide unique information that is inaccessible by other tools [63] . The results obtained by AFM can complement the results obtained by other tools, which will help us to better understand the diseases from multiple aspects. Viewed from this point, AFM may potentially play an important role in the era of precision medicine. In order to be used in clinical practice, such as assisting doctors in determining therapy strategies, the effectiveness of AFM single-cell assay should be widely demonstrated on clinical specimens. In order to move the concept of AFM detection into clinical practice, we may start from a particular application, such as hematological diseases. Blood (or bone marrow) is an ideal clinical material as it can be easily prepared from clinical patients. Besides, it contains the malignant cells of hematological cancers. In this work, the method of measuring the viscoelastic properties of human primary B lymphocytes by combining AFM with magnetic beads cell isolation has been established. The method can be used to investigate the visocoelastic properties of other human primary cells from blood sample by changing the antibodies linked to the magnetic beads.
In future, we want to isolate living primary tumor cells and their normal counterparts from the biopsy sample (peripheral blood or bone marrow) of the same clinical lymphoma patients. By AFM imaging, the topographical and geometric differences between normal B lymphocytes and cancerous B lymphocytes will be analyzed. We can monitor the dynamics of cellular topography under external stimulations (such as the addition of drugs) by time-lapse imaging. It should be noted that lymphocytes are suspended cells which cannot naturally attach onto the substrate. Thus we should firstly immobilize them onto the substrate for living cell imaging. Several methods have been developed in the past few years to immobilize living mammalian suspended cells, for example, microfabricated pillars [4] and microwells [64] . By AFM indenting the primary tumor cells and their normal counterparts from the same patients, we can then analyze the dynamics of cellular viscoelastic properties during the development of lymphoma. In order to examine the potential significance of cellular viscoelastic properties in the clinical therapy, we can measure the viscoelastic properties (instantaneous modulus and relaxation time) of tumor cells from lymphoma patients before clinical therapy. After therapy, by combining the cellular viscoelastic properties with the therapeutic outcomes we can directly analyze the relationship between cellular viscoelastic properties and clinical therapy outcomes.
V. CONCLUSION
In this work, AFM was used to quantitatively investigate the viscoelastic properties of human primary B lymphocytes based on magnetic beads cell isolation. Living B lymphocytes were isolated from the peripheral blood of six healthy volunteers by density gradient centrifugation and CD19 magnetic beads cell isolation. Fluorescence verification experiments demonstrated that the isolated cells were viable and were B lymphocytes. AFM imaging revealed the intact surface of B lymphocytes and the profile curves showed that the diameter of B lymphocytes was 6-7 μm, consistent with the normal range of human lymphocytes. Experimental force distance curves and stress relaxation curves recorded on living B lymphocytes during AFM indenting measurements were well fitted by theoretical models (Hertz and two Maxwell elements model), statistically showing that the instantaneous modulus of normal B lymphocytes from healthy volunteers was 2-3 kPa and the relaxation times were 0.03-0.06 s (τ 1 ) and 0.35-0.55 s (τ 2 ). Experiments on Raji cell line (malignant B lymphocytes) showed that Raji cells had smaller instantaneous modulus and larger relaxation time compared with primary normal B lymphocytes. Experiments on mouse C2C12 cell line showed the differences in relaxation time between primary normal B lymphocytes and adherent cells. The research demonstrates the capability of AFM in quantitatively measuring the viscoelastic properties of primary cells from human blood under the assistance of magnetic beads cell isolation. In future, we plan to apply the established method to investigate the viscoelastic properties of primary cells (both normal and cancerous) from leukemia/lymphoma patients. These studies will be particularly useful for us to understand the role of cell mechanics during cancer development, which is of practical significance for us to develop label-free methods for cancer diagnosis and drug development in the era of precision medicine. 
